Histone methylation is an important epigenetic phenomenon that participates in a diverse array of cellular processes and has been found to be associated with cancer. Recent identification of several histone demethylases has proved that histone methylation is a reversible process. Through a candidate approach, we have biochemically identified JMJD3 as an H3K27 demethylase. Transfection of JMJD3 into HeLa cells caused a specific reduction of trimethyl H3K27, but had no effect on di-and monomethyl H3K27, or histone lysine methylations on H3K4 and H3K9. The enzymatic activity requires the JmjC domain and the conserved histidine that has been suggested to be important for a cofactor binding. In vitro biochemical experiments demonstrated that JMJD3 directly catalyzes the demethylation. In addition, we found that JMJD3 is upregulated in prostate cancer, and its expression is higher in metastatic prostate cancer. Thus, we identified JMJD3 as a demethylase capable of removing the trimethyl group from histone H3 lysine 27 and upregulated in prostate cancer.
Introduction
Histone methylation is an important epigenetic phenomenon that participates in a diverse array of cellular processes [1] . Histone methylation can occur on either arginine or lysine residues [2] . Each lysine residue can undergo three stages of methylation, having either one (mono), two (di), or three (tri) methyl groups covalently bonded to the amine group of the lysine side chain, and arginine can be monoor dimethylated [3] . Depending on specific residues and methylation status, methylation can activate or repress transcription. In general, lysine methylation at H3K9, H3K27, and H4K20 is associated with transcriptional repression, whereas methylation at H3K4, H3K36, and H3K79 is associated with transcriptional activation. While H3K4 methylation is associated with euchromatin function, methylation of H3K9 is involved in heterochromatin formation [4] . Furthermore, methylation of H3K27 is involved in X-chromosome inactivation [5] .
Histone methylation had been considered a stable modification, but recent studies have proved otherwise [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . LSD1 is the first histone demethylase identified and uses an amine oxidase reaction to catalyze the removal of methylation [8] . LSD1 was shown to be a demethylase for H3K4 or H3K9 dependent upon associated factors [17, 18] . Subsequently, a JmjC domain containing protein was shown to possess histone demethylase activity and the JmjC domain was identified as a demethylase signature motif [9] . This family of enzymes catalyzes the removal of methylation by a hydroxylation reaction and required iron and α-ketoglutarate as cofactors. Based on this demethylase signature motif, several proteins were identified to be histone lysine demethylases [6, 7, [10] [11] [12] [13] [14] [15] [16] .
Prostate cancer is the most common non-skin cancer and the second leading cause of cancer in America. A mass screening in Changchun city reveals that the detection rate of prostate cancer was 0.74% in men with more than 50 years of age, indicating that the prevalence of prostate can-cer is high in Chinese population [19] . Histone methylation has been suggested to be associated with prostate cancer. For example, it was demonstrated that histone methylations and acetylations can predict the risk of prostate cancer recurrence [20] . Also, EZH2, an H3K27 methyltransferase, was shown to be involved in the progression of prostate cancer [21] . In addition, two of the identified histone demethylases LSD1 and JHDM2A were demonstrated to potentiate androgen receptor (AR)-dependent transcription through removal of H3K9 methylation [11, 17] . AR, a member of the nuclear receptor superfamily, plays a key role in prostate cancer development and progression [22] .
To identify novel histone demethylases, we selected a handful of JmjC domain containing proteins and examined their possible demethylase activities against H3K27. Through biochemical approaches, we identified JMJD3 as a histone demethylase that can specifically catalyze the removal of the trimethyl group from the H3K27 lysine residue. We also demonstrated that JMJD3 is upregulated in prostate cancer. 
Materials and Methods

Reagents
Plasmid construction
JMJD3 cDNA (KIAA0346) was kindly provided by Kazusa DNA Research Institute. pcDNA3.1-JMJD3-MYC-His was generated by the following two steps. A fragment covering the ORF from nucleotide (nt) 15 to nt 4386 was digested by BamHI and VspI. A PCR fragment covering nt 4387 to nt 5037 was digested with VspI and XhoI. Both fragments were ligated into BamHI and XhoI digested pcDNA3.1(-)/MYC-His by three-way ligation. This vector was inserted by 1-15 bp of JMJD3 with a Kozak sequence using NheI and BamHI. The JmjC domain deletion was generated by threeway ligation. PCR fragments from nt 2050 to nt 3987 and from nt 4584 to the end were digested with EcoRI-ClaI and ClaI-XhoI, and ligated to EcoRI-XhoI digested pcDNA3-JMJD3. The primers for the fragment of nt 2050 to nt 3987 are: gccgaattcAAGATC CTACCT-GATG and gacaaatcGATGTTGGTGCCAAAC. The primers for the fragment from nt 4584 to the end are: gacatcgatTTGTT CAA-GATGATCAAG and atactcgagTCGCGACGTGCTGGC TGGGG. H1390A mutation was generated by the following two steps. First a PCR product from nt 3775 to the end was ligated to T-vector and the mutation was introduced by a site-directed mutagenesis. The fragment with H1390A mutation was swapped back to pcDNA3-JMJD3. The primers for PCR are: ACTCGGCAGATCTGGC CTTGTGA and atactcgagTCGCGACGTGCTGGCTGGGG. The site-directed mutagenesis primers are: CAGCCGAACGCCAGGCG CTCAGGAGAATAACAACTTCTGC and GCAGAAGTTGTTAT TCTCCTGAGCGCCTGGCGTTCG GCTG. A DNA fragment covering 3991 to 4506 of JMJD3 cDNA was generated by PCR using a primer pair: ATAGGATCCTTGTCTGATGCTAAGCGGTG and ATACTCGAGGACG TTCTTCACCTCATTCC. The PCR product was digested with BamHI and XhoI, and ligated to BamHI and XhoI digested pGEX4T1 to generate GST-JmjC domain of JMJD3 that contains only the JmjC domain.
Transfection and western blotting
HeLa cells were grown in DMEM containing 10% FBS. Transfection was carried out using Lipofectamine 2000 (Invitrogen). Tissues were obtained from the radical prostatectomy performed at Sixth People Hospital of Shanghai with prior approval from the Institutional Review Board. Proteins from the cell or tissue lysates were separated on SDS-PAGE gel and western blot analysis was carried out using specific antibodies.
Immunocytochemistry
HeLa cells were plated on glass coverslips and transfected next day. 72 h later, the cells were fixed in 4% paraformaldehyde and permeabilized with cold PBS containing 0.2% Triton X-100. After blocking, the cells were incubated with primary antibodies, washed with secondary antibodies, stained with DAPI, and mounted before viewing.
Expression and purification of GST-JmjC domain of JMJD3
GST-JmjC domain of JMJD3 in Rosetta E. coli was cultured at 37 °C at 250 r. 
Demethylation assay
Bulk calf thymus type II-A histone proteins (Sigma #H9250) were incubated with the purified fusion protein of GST-JmjC domain of JMJD3 in demethylation buffer (20 mM Tris-HCl pH 7.3, 150 mM NaCl, 50 μM (NH 4 ) 2 Fe(SO 4 ) 2 +6(H 2 O), 1 mM α-ketoglutarate, and 2 mM ascorbic acid) for 3 h at 37 °C. A total of 5-10 μg of the fusion protein and 2.5-5 μg of bulk histones were reacted in a total volume of 100 μl of reaction (5 μg of the fusion protein and 5 μg of bulk histones for Figure 4B , 10 μg of the fusion protein and 2.5 μg of bulk histones for Figure 4C ). The reaction was stopped with SDS loading buffer and western blot analysis was performed.
Results
JMJD3 demethylates H3K27 in vivo
Since JmjC domain containing proteins have been demonstrated as demethylases for H3K9 and H3K36 [7, [9] [10] [11] , we have been interested in the identification of JmjC domain containing proteins as demethylases for other lysine residues such as H3K4 and H3K27. Bioinformatic JMJD3 is an H3K27 demethylase 852 npg approaches revealed that 30 human genes contain the JmjC domain, which has been identified as the catalytic domain for one class of histone lysine demethylases [9, 11] . These 30 genes can be clustered into seven groups: JHDM1, JARID, JMJD1 (JHDM2), JMJD2 (JHDM3), UTX/UTY, PHF2/PHF8, and JmjC domain only [23] . Genes in groups of JHDM1, JMJD1, and JMJD2 have been biochemically demonstrated to possess histone demethylase activity for histone H3 and they can specifically demethylate H3K9 or H3K36 [7, [9] [10] [11] . Through a candidate approach, we selected a handful of JmjC domain containing proteins and examined their possible demethylase activities against H3K4 and H3K27 using currently available antibodies. During this process, we discovered that JARID1B (also named PLU-1), a member of the JARID family, is a histone demethylase specific for H3K4 [24] , which is consistent with a recent report [15] . We also examined whether JMJD3, a member of the UTX/UTY family, is a demethylase for H3K4 and H3K27.
To test whether JMJD3 is a histone demethylase, cDNA encoding for Myc-tagged JMJD3 was transfected into HeLa cells and the effect on histone lysine methylation was examined by immunocytochemistry using a specific antibody against trimethyl histone H3 lysine 27 (H3K27me3). Nucleus of each cell were visualized by DAPI staining and the expression of the exogenous JMJD3 was visualized by immunostaining against Myc. Ectopic expression of Myc-JMJD3 resulted in loss of H3K27me3, in contrast to strong staining signals of H3K27me3 in adjacent non-transfected cells ( Figure 1A , top panel). To determine whether the loss of trimethylation is specific for the residue of histone H3 lysine 27, we also performed immunocytochemistry using specific antibodies against H3K4me3 and H3K9me3. Ectopic expression of Myc-JMJD3 had no effect on H3K4me3 and H3K9me3, as the immunostaining signal intensities of H3K4me3 and H3K9me3 did not change between transfected and non-transfected cells ( Figure 1B ). These data indicate that JMJD3 specifically targets H3K27 residue.
To examine whether JMJD3 is able to catalyze the removal of di-and monomethyl groups from H3K27, we also immunostained Myc-JMJD3 transfected cells with antibodies against these two histone modifications. Ectopic expression of Myc-JMJD3 had no effect on H3K27me2 and H3K27me1, as the signal intensities of H3K27me2 and H3K27me1 did not change between transfected and nontransfected cells ( Figure 1A , middle and bottom panels).
Taken together, these data indicate that JMJD3 is likely a specific demethylase for H3K27me3 in vivo.
The JmjC domain is required for histone demethylase activity
JMJD3 is a protein of 1682 amino acids. Conserved domain analysis indicated that this protein contains only one recognizable conserved domain, the JmjC domain, at the C-terminal of the protein. Crystal structure and biochemical studies have revealed that the JmjC domain is the catalytic center for histone demethylation [9, 25] . To determine whether the JmjC domain is required for the demethylase activity of JMJD3, we made a deletion mutant in which the JmjC domain was deleted (Figure 2A) . Transfection of the deleted mutant into HeLa cells resulted in a truncated protein with an expected molecular weight ( Figure 2B ) and the transfected cells did not show reduction of the Figure 2C ). These data indicate that the enzymatic activity of JMJD3 requires the JmjC domain.
Crystal structure of the JmjC domain of JMJD2A indicates that the catalytic domain is a jellyroll-like structure with eight β sheets [25] . Three residues for chelating iron are conserved and required for the demethylase activity.
In JMJD3, these three residues are His1390, Glu1392, and His1470. To determine whether this structure is required for the enzymatic activity, we mutated His1390 to alanine (H1390A) ( Figure 3A) . Transfection of H1390A into HeLa cells produced a mutant protein with an expected molecular weight ( Figure 3B ) and the transfected cells maintained similar immunostaining signals of H3K27me3 as the adjacent non-transfected cells ( Figure 3C ). These JMJD3 is an H3K27 demethylase 854 npg data indicate that JMJD3 is probably an iron-dependent dioxygenase, similar to other identified JmjC domain containing demethylases [25] .
JMJD3 demethylates H3K27 in vitro
To determine whether JMJD3 directly demethylates H3K27, we carried out a biochemical assay using bulk calf thymus histone proteins and GST-JmjC domain of JMJD3 that contains only the JmjC domain. The bulk calf thymus histone proteins used in the reaction contain a mixture of modified and non-modified histone H3. The methylation of histones can be visualized by western blot analysis using specific antibodies against distinctive methylated histones.
We first subcloned the C-terminal fragment of JMJD3 that contains the JmjC domain into a bacterial expression vector. The protein was fused to GST and the expression of the fusion protein was induced by IPTG. Through a glutathione-sepharose column, the fusion protein of the GST-JmjC domain of JMJD3 was purified as the expected size of 43 kDa ( Figure 4A) . A 60-kDa protein copurified with it was identified by mass spectrum analysis as GroEL, a chaperon in Escherichia coli. The purified fusion protein was incubated with bulk histones and the effect on lysine methylation was determined by western blot analysis. In the presence of various cofactors, the purified fusion protein was able to reduce the level of trimethyl H3K27 ( Figure 4B ), indicating that JMJD3 directly catalyzes the removal of H3K27me3. Surprisingly, the purified fusion protein was also able to reduce the level of dimethyl H3K27 and the demethylase activity toward dimethyl H3K27 was even stronger than to trimethyl H3K27 ( Figure 4B ). Furthermore, the purified fusion protein also reduced the level of monomethyl H3K27, even though to a much less extent ( Figure 4B ). These data suggest that other regions of the protein may participate in the determination of the substrate specificity.
To determine whether the demethylase activity of JMJD3 is specific to H3K27, we also carried out additional in vitro assays using the purified fusion protein of the GST-JmjC domain of JMJD3. Western blot analysis demonstrated that while a new batch of the purified protein could catalyze the removal of H3K27me3 (Figure 4C ), it did not affect the levels of H3K9me3, H3K9me2, and H3K9me1 ( Figure  4C ). These data indicate that JMJD3 specifically demthylates H3K27.
JMJD3 is upregulated in prostate cancer
To test whether JMJD3 has a role in prostate cancer development and progression, we first searched the Oncomine database, a cancer profiling database containing more than 10 000 microarrays [26] . Mining of the Oncomine database revealed that two sets of data from two different laboratories have expression profiles for JMJD3. In one set of data, the expression of JMJD3 was detected in only two out of 41 samples of benign prostate hyperplasia (4.8%), but was detected in 10 out of 62 samples of prostate cancer (16%), and five out of nine samples of metastatic prostate cancer (55%) ( Figure 5A ). Average values of the expression indicate that JMJD3 expression is limited in benign prostate, but is upregulated in prostate cancer and the expression is even higher in metastatic disease ( Figure 5B ). This trend was observed in an independent set of data ( Figure 5C ).
To determine whether the protein levels of JMJD3 are also upregulated in prostate cancer, we performed western blot analysis in a number of frozen prostate tissues. Consistent with the microarray data deposited in Oncomine database, we could not detect JMJD3 protein in tissues of 
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npg benign prostate hyperplasia ( Figure 5D ), but JMJD3 was clearly detected in three out of four prostate cancer tissue samples. Pathological information indicates that one of the four prostate cancer tissues, in which JMJD3 protein was not detected in western blot analysis, has a Gleason score of 3 + 3, as compared to other three tissues that have Gleason scores of at least 4 + 4. Because higher Gleason score indicates more advanced cancer, the protein expression is thus consistent with the microarray data in which the expression levels of JMJD3 increase with disease severity.
Discussion
N-terminal portion of histone H3 is a hot spot for histone lysine methylation. At least five lysine residues at the tail of histone H3 can be modified by methylation. These residues are lysine 4 (K4), K9, K27, K36, and K79. With the recent identification of lysine demethylases [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , methylation at K4, K9, and K36 were demonstrated to be reversible. However, whether methylation at H3K27 is reversible remained to be resolved. If methylation at H3K27 is reversible, what enzymes catalyze the demethylation?
In this paper, we demonstrated that methylation at H3K27 is reversible and that JMJD3 catalyzes the removal of the trimethyl group from H3K27. These discoveries are consistent with a recent report that UTX and JMJD3 are histone H3K27 demethylases [27] . However, our finding that JMJD3 can only remove the trimethyl group, but not di-and monomethyl groups from H3K27, differs from the reported data in which JMJD3 can remove both tri-and dimethyl groups from H3K27 in vivo. The difference may result from the use of different expression vectors and, as a consequence, higher levels of the JMJD3 protein might be expressed in the study by Agger et al. [27] . Expansion of substrate specificity by a high concentration of histone demethylase has been observed for JMJD2A [10] . JMJD3 contains the JmjC domain at its C-terminus. Using the purified fragment containing the JmjC domain in the biochemical reaction in vitro, we demonstrated that JMJD3 directly catalyzes the removal of methylation from H3K27. However, this fragment can catalyze the removal of not only trimethyl group from H3K27 but also di-methylation of H3K27 with a higher activity, as well as monomethylation of H3K27. A longer fragment of JMJD3 only removed H3K27me3, but not H3K27me2 or H3K27me1, in biochemical reactions in vitro [27] . These data suggest that other regions of the protein may be involved in the determination of the substrate specificity. Since the discovery of the first histone demethylase, two of the identified histone demethylases have been shown to regulate the transcriptional function of the AR, a key molecule in prostate cancer development and progression [11, 17] . Also, two of them were also shown to be upregulated in prostate cancer [6, 24] . Furthermore, EZH2, a polycomb protein and a histone methyltransferase specific for H3K27, was shown to be upregulated in prostate cancer [21] . Together with the discovery that histone modifications can predict the prostate cancer recurrence, these data indicates that histone methylation at H3K27 may be tightly associated with prostate cancer development and progression. As the first step to determine whether JMJD3 is involved in prostate cancer, we examined the expression levels of JMJD3 in different stages of prostate cancer. Through mining of microarray data and western blot analysis on frozen tissue samples, we demonstrate that JMJD3 is upregulated in prostate cancer and the expression increases with disease progression.
It has been demonstrated that EZH2, a histone methyltransferase for H3K27, is also upregulated in prostate cancer [21] . Why are both histone methyltransferase and histone demethylase upregulated in prostate cancer? One possibility is that JMJD3 and EZH2 are upregulated in different prostate cancer tissues. Assuming that these proteins only have the respective biochemical functions as histone methyltransferase or demethylase, these data would suggest that completely opposite mechanisms are involved in different prostate cancer, which is consistent with the fact that prostate cancer is highly heterogeneous. Another possibility is that a compensation mechanism is adopted if both JMJD3 and EZH2 are upregulated in the same prostate cancer cells. When one gene is upregulated, H3K27 methylation is changed. As a compensation mechanism, the gene with the opposite biochemical function is also upregulated. This would suggest that prostate cancer cannot withstand broad alterations of H3K27 methylation. A third possibility is that upregulation of EZH2 in prostate cancer does not make use of the histone methyltransferase activity. This possibility is supported by the observation that other components required for the histone methyltransferase activity of EZH2 are not upregulated in prostate tissue [21] , and is consistent with a recent study indicating that EZH2 has a transactivation activity separated from the SET-domain [28] . Future work would be directed to understand whether the methylation status of H3K27 is altered in prostate cancer and the roles of H3K27 methylation and JMJD3 in prostate cancer development and progression.
H3K27 methylation is a critical histone modification involved in X-chromosome inactivation [5] . It has been shown that methylation of H3K27 participates in embryonic development [29] . Since JMJD3 is a histone demethylase for H3K27, it would be interesting to determine whether this protein is involved in embryonic development by modulating H3K27 methylation.
